In the array of water Cherenkov detectors of the Pierre Auger Observatory, 4800 large photomultiplier tubes (PMTs) will be used. Before being deployed, each PMT is evaluated to check that various parameters, such as the linearity, dark noise, and gain, fall within a specified range. The large scale test system, designed and constructed for this purpose, is capable of testing multiple large PMTs simultaneously. The test system and the results of the tests for the first 3964 PMTs are presented in this paper.
Introduction

1
The Pierre Auger Observatory, currently being constructed in the province 2 of Mendoza in Argentina, is designed to measure the energies, directions, and Afterpulse Ratio < 5% Table 1 Specifications to determine if a PMT passed or failed a given test.
The specifications regarding the performance of the PMTs to be used in the 41 surface detector is driven by the physics that is being done. It is desirable to 42 have PMTs with a large dynamic range, good linearity, low counting rate, and 43 low background. Because the calibration of the surface detector is done using 44 atmospheric muons rather than depending on a knowledge of the absolute 45 gain of each PMT, the desired energy resolution is not strictly specified. In (less than 6% non-linearity below 50 mA, see Table 1 ), is designed to reject 59 PMTs which deviate from linearity over this range. Related to this issue is 60 the afterpulse measurement, as any afterpulsing in the PMTs may lead to a 61 miscalculation of the energy deposited in a station.
62
To cover the dynamic range of physical signals, from single muons to tens of 63 thousands of particles, the output of the last dynode before the anode is tapped 
The Light Control Box
89
The light sources consist of four LED Pulsers and are controlled through a analog buffer, the LED, and a diffuser (Fig. 4) to have a more intense light source for the other measurements. This box also provides an interlock system that requires the door of the dark 
where P (n) is the probability to see exactly n pe, if there are 0 pe 90% of 184 the time, then P (0) = e −ν = 0.9, so that ν = 0.105. Then, the probability of 185 seeing 1 pe is: P (1) = νe −ν = 0.095, and the probability of seeing more than calculated knowing that the mean of the non-zero pe distribution is:
where µ n is the mean of the n pe distribution and P (n) is the probablity to spectrum, in terms of x, the mean of the measured distribution:
209 using ν from equation 1.
210
To quantify the resolution of the single photoelectron spectrum, the peak to 211 valley ratio is used. The peak to valley ratio is the ratio of the maximum value 
Gain as a Function of Voltage
224
Once the gain is calculated from the SPE spectrum, the absolute gain at that and input voltage can be described accurately as a power law:
with γ and β being parameters to be determined from measurements.
231
In the test system, to determine this relationship the LED is pulsed with a . Typical single photoelectron spectrum. The first tall peak is the pedestal and second peak is due to 1 pe events. The peak to valley ratio in this plot is 1.47. Peak to Valley Ratio Fig. 7 . Distribution of peak to valley ratios for 3460 PMTs tested in the system. The red line represents the specification given to Photonis for the minimum desired peak to valley ratio. Note that the algorithm to find peak to valley can fail if there is no discernible peak and valley structure, which returns a null result. This explains the discrepancy in the total number of PMTs tested (3964) and the number of entries in this histogram.
efficiency is not necessary in any physics done at the Auger Observatory, but is calculated as an exercise and the result is ∼70%. This is calculated at the 255 voltage necessary for a gain of 10 6 using 3933 PMTs. 
273
In the test system, before other tests are run, the PMTs are allowed to sit in 274 the dark room for a period of 2 hours during which time the dark pulse rates 275 above 1/4 pe and 1/2 pe threshold are monitored. Fig. 10 is a plot of a typical 276 dark pulse rate versus time.
277
Of course, to know the magnitude of the 1/4 pe threshold for a PMT, the 278 absolute gain of the PMT must be known. Therefore, after the two hour period 279 in the dark, the gain of the PMT is calculated and the measurement of the 280 dark pulse rate is made again. The distribution of dark pulse rates for the
281
PMTs is in Fig. 11 . The specification given to Photonis was that after two 282 hours in the dark the dark pulse rate above 1/4 pe would be below 10 kHz.
283
This limit is set because there is a correlation between dark pulse rate and 284 the lifetime of a PMT, and the less noise in the PMT, the longer it will last.
285
The Auger Observatory is intended to run for the next 20 years, so longevity 286 is important. by an excessive amount of electrons which change the electric field in that 
equation 7).
305
The method to measure non-linearity uses two LEDs. LED A is fired, LED
306
B is fired, LED A and B are fired simultaneoulsy, then no LED is fired (to 307 obtain the baseline or pedestal). The non-linearity is then defined as: given to Photonis was that the non-linearity be less than ±6% with a peak 320 anode current of less than 50 mA. In the original design of the Pierre Auger
321
Observatory, this was estimated to be the peak current at 1000 m from the 322 core of an air-shower initiated by a cosmic ray with an energy of 10 21 eV [7] .
323
In Fig. 13 , it is evident that almost all the PMTs have a positive non-linearity, 
Excess Noise Factor
373
The excess noise factor (ENF) of a PMT is a useful quantity because it is is:
where G is the mean amplification, or gain of the PMT, and σ and assuming that the secondary emission of each dynode stage is a Poisson 385 process, the excess noise factor can be expressed as: Excess Noise Factor Fig. 16 . Distribution of excess noise factors at a gain of 2 × 10 6 for 3939 PMTs.
for a PMT with N dynode stages, where δ n is the mean secondary emission 388 of the n th dynode.
389
To measure the ENF, it is useful to note that if the distribution of incoming 390 photoelectrons follows a Poisson distribution, then the output variance will be 391 the input variance multiplied by the ENF:
where S out is the mean of the output signals, σ out is the spread of the output 394 signals, and N pe is the mean number of incoming photoelectrons.
395
In the test system, the PMTs are set to a fixed gain and the LED is pulsed 396 multiple times at an intensity such that each PMT receives ∼100 photoelec- for a given PMT using only the mean of the output signals (S out ):
where k is a constant related to the DAQ electronics. It is then straightforward 402 to compute the ENF using equation 11. The distribution of excess noise factors 403 at a gain of 2 × 10 6 is presented in Fig. 16 .
404
The excess noise factor is related to the peak to valley ratio of the single of output signals will be for the same input. Therefore, we expect an anti-407 correlation between ENF and peak to valley ratio. There is no specification 408 for the excess noise factor of a PMT, but because it is related to the peak 409 to valley ratio, any excessive noise will cause a failure in the peak to valley 410 requirement. The ENF versus the peak to valley ratio is shown in Fig. 17 . 
Afterpulse
412
One concern with PMTs is contamination of gases. The PMT is made of a 413 glass envelope around a dynode structure with a vacuum inside the glass tube.
414
If there are molecules of gas inside the glass envelope, as the photoelectrons 415 pass through the gas the molecules will ionize and these ions will travel back
416
to the glass where they will eject more electrons. This will cause a pulse
417
proportional to the initial pulse delayed in time anywhere from hundreds of 418 nanoseconds to microseconds, depending on the gas. Ultimately, this could 419 cause a miscalculation of the energy deposited in a surface detector.
420
In the PMTs tested, there is no significant afterpulsing, indicating that the 421 vacuum is free from gases. There is, however, a systematic negative value for 422 the afterpulse measurement (see Fig. 18 ). for all the tests, the resolution of the system is determined for each test and 455 is reported in Table 2 .
456
For an example of the monitoring capabilities of the four permanent PMTs,
457
two examples are given. The first is shown in Fig. 21 Table 2 Resolution of the PMT test stand based on the standard deviation of the measurements of the specified tests for the permanent PMTs. For the peak to valley and the gain voltage values, the percentage is given of the standard deviation to the mean value. For all other tests, the value given is the raw value of the standard deviation of the measurements because the spread is independent of the mean value of the observable. Values with an asterisk (*) denote that the value is the raw spread in the variable which is a measurement of a percentage and are not to be confused with the percentage of the standard deviation to the mean value. Non-linearity at 50 mA Fig. 22 . Non-linearity at 50 mA for the four permanent PMTs. A system wide drift is noticed starting at day 300, peaking at day 500, and recovering at day 600.
To determine any systematic effect associated with location in the test stand, 
